Purpose of review Migraine is a primary headache disorder and one of the most common and disabling neurological diseases worldwide. Genome-wide association studies have identified %40 genetic loci associated with migraine. How these and other genetic findings are used to expand our knowledge on the pathophysiological mechanism of common migraine and rare migraine variants will be discussed.
INTRODUCTION
Migraine is a disabling episodic brain disorder characterized by headache attacks associated with photophobia and phonophobia and/or nausea or vomiting [1] . In approximately one-third of patients, headaches are preceded by transient focal neurological symptoms, so-called auras. Hemiplegic migraine is a rare subtype of migraine with aura in which the aura phase includes motor weakness [2] . Migraine is rated as the second most disabling disorder [3] and is often associated with other neurological or psychiatric disorders, such as stroke, epilepsy and depressive disorder [4] [5] [6] . A study in a genetic isolate suggested that the bidirectional association between depression and migraine, in particular, migraine with aura, can be partly explained by shared genetic factors [7] .
Over the past decade, genome-wide association studies (GWAS) have made important contributions to identifying genetic components involved in migraine. These studies provided further evidence that common types of migraine are genetically complex in the sense that multiple genetic variants, with small effect sizes, together with environmental factors confer migraine susceptibility. Epidemiological studies suggested that familial occurrence is most profound with an early disease onset and the aura subtype, indicating a possibly higher genetic susceptibility in migraine with aura [8, 9] . Therefore, it seemed paradoxal that for migraine without aura, more robust associations with genetic loci were discovered in the migraine GWAS [10] . It was hypothesized that this suggests that medium/ high-risk alleles with rare(r) prevalence, not captured in GWAS, confer susceptibility to migraine with aura instead. This was further supported by the fact that hemiplegic migraine, a rare monogenic syndrome at the end of the spectrum of the aura subtype, is caused by missense mutations in the CACNA1A (FHM1), ATP1A2 (FHM2) and SCN1A (FHM3) genes [1, 11] . Recent reports suggested that the PRRT2 gene might be the fourth hemiplegic migraine gene. There is, however, reasonable doubt, already because PRRT2 was typically shown to be associated with paroxysmal kinesigenic dyskinesia, benign familial infantile seizures, or infantile convulsion choreoathetosis syndrome in hundreds of patients [12] . Only in a few typical PRRT2 families, hemiplegic migraine was reported in some mutation carriers, most of which also had the typical phenotype. Vice versa, PRRT2 mutations were found in less than 5% of index cases with hemiplegic migraine who often also diplayed the typical phenotypes [13] . The most logical conclusion is that a PRRT2 mutation is not sufficient to cause hemiplegic migraine. Likely, in those few PRRT2 mutation carriers who displayed hemiplegic migraine, additional gene variants interacting with the PRRT2 mutation may be involved. This would, thus, imply that in part of the hemiplegic migraine families a complex genetic rather than a monogenic mechanism causes the disorder [13] .
The present review aims to highlight the most recent advances in migraine genetics, focusing on studies that have used GWAS data to explore pathophysiological mechanisms, and on studies that investigated to what extent (endo)phenotypes, individual features of migraine, familial occurrence of migraine and comorbid neuropsychiatric conditions are determined by genetic susceptibility. Additionally, the clinical spectrum of hemiplegic migraine and chances of finding a pathogenic mutation will be discussed.
FROM GENOME-WIDE ASSOCIATION STUDIES TO INCREASING INSIGHT IN MIGRAINE PATHOGENESIS
Several GWAS have been performed in migraine [10, [14] [15] [16] [17] [18] . In a GWAS several million common DNA variants, so called single-nucleotide polymorphisms (SNPs), that are dispersed over the genome are tested in large cohorts for association with a trait. By identifying different allele frequencies between patients and controls that survive rigorous multiple testing correction genomic regions that associate with a disease are identified. GWAS have been undertaken that focus on migraine without aura [15] , migraine with aura [17] , clinic-based samples [15, 17] and population-based samples [16] . The most recent meta-analysis GWAS included 59 674 cases and 316 078 controls and identified 38 distinct genomic regions associated with migraine (Table 1 ) [14] . The likely implicated genes related to these SNPs are involved in neuronal, vascular, metalloproteinases, pain and metal-iron-related pathways [10,14,19 & ]. This GWAS also employed pathway analysis, which indicated typical enrichment of genes from the vascular pathway, highlighting a possible vascular cause of migraine [14] . However, the analysis was limited as only the genes closest to the respective significant index SNP were considered and the gene nearest to the associated SNP may not always be the causal gene [14] . Hence, further analyses are needed for each SNP to clarify the exact relationship to migraine. A study by Gupta et al. [20] KEY POINTS Integration of genetic, phenotypic and epigenetic data will help to identify the biological mechanism by which common variants can regulate genes and contribute to the pathogenesis of migraine.
The genetic load, based on common polygenic variation, is higher in familial migraine cases than in nonfamilial cases, and higher for migraine with aura and hemiplegic migraine.
Specific clinical features of migraine seem to be determined by genetic factors. A stronger family history of migraine is associated with lower age-at-onset, higher frequency and number of medication days and the migraine with aura subtype.
Migraine shares common genetic variant risks with psychiatric diseases among which depression. These results highlight the importance of common genetic variation as a risk factor for brain disorders and the value of heritability-based methods in understanding their etiology.
Most patients with hemiplegic migraine without a mutation in the three known HM genes (CACNA1A, ATP1A2, or SCN1A) display a mild phenotype that is more akin to that of common migraine with aura. A major fourth gene for hemiplegic migraine might be unlikely. Thus, not all offspring of hemiplegic migraine cases seem to have an a priori 50% chance, in case of autosomal dominant inheritance, to get the disease. Mild hemiplegic migraine is likely to be caused by complex polygenic interaction of multiple gene variants with small effect and environmental factors, like in common migraine subtypes. Phenotypical features in hemiplegic migraine patients may guide physicians in selecting patients for mutation screening and in providing adequate genetic counseling. www.co-neurology.comnicely illustrates how integration of genetic, phenotypic and epigenetic data led to the identification of the biologic mechanism. The common, noncoding, GWAS hit implied the PHACTR1 as the locus for no less than five vascular diseases, including migraine. Through genetic fine-mapping and epigenomic analysis, the disease-associated SNP rs9349379 in the third intron of the PHACTR1 gene, was demonstrated to regulate expression of endothelin 1 (EDN1), a gene with a clear vascular function, that is located 600 kb upstream of PHACTR1. The known physiologic effects of EDN1 on the vasculature may explain the pattern of risk for the five associated diseases including migraine. Furthermore, current evidence indicates that endothelin 1 may have a role in migraine attack induction [21] .
Shared genetic architecture for migraine with and without aura
There has been continuous debate whether migraine with and without aura are distinct disorders or whether these subtypes are genetically related. Previous observations supported that the migraine subtypes are a continuum of severity, with migraine with aura being more severe but not etiologically distinct from migraine without aura [11, [22] [23] [24] . Clinical and epidemiological studies showed that in many patients, the prevailing form of migraine changes over time [24] . Moreover, the same prophylactic and acute migraine drugs may be effective in both migraine subtypes. Family studies demonstrated that subtypes of migraine co-occur within families [11, 24] . Initially, GWAS focused on migraine with aura or without aura and found different genomic loci for both migraine subtypes [15, 17] . These studies, however, had relative small sample sizes and only focused on the top SNP hits, so only on SNPs with P values below the genome-wide significance threshold (5 Â 10
À8
). Recently, significant overlap was found in the portion of shared genes associated with migraine with and without aura, which led to the conclusion that genetically the two migraine subtypes are more alike than different [25] .
GENETIC LOAD OF MIGRAINE AND ITS ENDOPHENOTYPES
Family and twin studies estimated the heritability for migraine to be $42% (95%CI: 36-47%) [26] . This is in line with the observation that migraine aggregates in families. A recent study, using a novel approach, used results of the most recent migraine GWAS [14] to create polygenic risk scores to see if the genetic load of these common variants contribute to the aggregation of migraine in families (1589 
GWAS, genome-wide association studies; SNPs, single-nucleotide polymorphisms. a SNPs found in migraine GWAS [14] and Headache GWAS [29] . b Gene-prioritization function used to identify likely causal gene at each GWAS locus with DEPICT, data-driven expression-prioritized integration for complex traits. Data from previous GWAS [10, 15, 17] . d Data from previous GWAS [14] . e Data from previous GWAS [15] . f Data from previous GWAS [17] . g Data from previous GWAS [29] . h Identified by using a gene-based pleiotropy approach across migraine with and without aura patient groups [25] . i Loci not found in top 28 SNPs, however, SNP present in list of 3343 significant SNPs.
Finnish families were included) [27 &
]. Indeed, the aggregation of migraine in families can at least partly be explained by the contribution of common polygenic variations. Familial cases carried higher common variant burden compared with nonfamilial cases.
Migraine features determined by genetic predisposition
In this polygenic risk score study, the genetic load was higher in migraine with aura and hemiplegic migraine cases compared with migraine without aura ( Fig. 1) ]. This could partially explain the lower prevalence of migraine with aura and hemiplegic migraine, as conceivably a higher genetic burden is required for developing these subtypes. There were no differences found between genetic common variant burden in migraine with aura and hemiplegic migraine (sporadic or familial) [27 & ]. This may be because of a lack of power as there were fewer hemiplegic migraine patients included. Another likely explanation is that rare genetic variants (not captured in GWAS), in combination with common variants, contribute to hemiplegic migraine. Importantly, the involvement of common variants in hemiplegic migraine is further indicated by the observation that 41% of the familial cases were in the highest quartile of polygenic risk (Fig. 1) [27   & ]. These findings provide compelling evidence that not all hemiplegic migraine cases seem to be caused by single-gene mutations (see also paragraph predictors of finding a pathological mutation in hemiplegic migraine).
The Finnish study also showed that higher polygenetic risk scores were associated with stronger family history of migraine, lower age-at-onset and the migraine with aura subtype [27 & ]. This is in accordance with a large Dutch clinical study in which a stronger family history of migraine, defined as one or both parents being affected, was associated with lower age-at-onset, higher frequency and higher number of medication days and the migraine with aura subtype [28 & ].
Overlap between genetic loci causing migraine and headache
A recent study from UK Biobank that had 74 461 cases and 149 312 controls identified 28 genomic loci associated with a broadly defined 'headache' phenotype (Table 1 ) [29] . Of note, 'only' 14 of the found loci were previously identified in a migraine GWAS (Table 1 ) [14] . There are three possible explanations for this finding. Firstly, these loci are involved in a broader headache pathway, as part of the cases may in fact be patients with tension type headache. Epidemiological studies showed cooccurrence of migraine and tension type headache previously [30] . Secondly, not all migraine patients www.co-neurology.comin the migraine GWAS may be true migraine patients and may have been misdiagnosed patients with another headache phenotype. Given the robustness of the associated SNPs in the migraine GWAS and the fact that six of the loci identified in the headache GWAS were also identified in clinicalbased migraine GWAS, this scenario seems unlikely [10, 14] . Thirdly, part of the headache cases suffered from migraine.
GENETIC RELATION BETWEEN MIGRAINE AND OTHER BRAIN DISORDERS
Substantial epidemiological comorbidity is found between neuropsychiatric disorders, including migraine [31,32 & ]. To quantify the degree of genetic overlap between different brain disorders, the Brainstorm Consortium was formed. This consortium used GWAS summary statistics of a staggering 265 218 cases and 784 643 controls to assess the genetic risk factor overlap of 25 common brain disorders [32 & ].
Genetic relation between migraine and psychiatric disorders, especially depression
Of note, the Brainstorm Consortium study indicated that migraine was correlated to several psychiatric disorders, including attention deficit hyperactivity disorder and major depressive disorder (Fig. 2) [32 & ]. This is in agreement with a recent Australian study specifically searching for a shared genetic background for depression and migraine. In that meta-analysis in the combined 8 045 569 SNPs of the migraine GWAS and the top 10 000 SNPs from a major depressive disorder GWAS, three novel risk loci were identified that were associated with both disorders [33] . Of the putative candidate genes, CDCA2 is especially interesting, as it has been shown to be involved in a pathway linked to both migraine with and without aura [25] . Furthermore, gene-based association analyses revealed significant enrichment of genes associated with both migraine and major depressive disorder. Pathway analyses suggested several important pathways, especially neural-related pathways of signaling and ion channel regulation to be involved in this shared etiology [33] . This study shows that valuable genetic information can be found when considering all SNPs, more than only the significant (top) SNPs.
Genetic correlation between migraine and neurological disorders
The Brainstorm Consortium found no significant genetic risk overlap across neurological disorders. However, their results may indicate a possible genetic sharing between epilepsy and migraine, albeit not significant (Fig. 2) [32 & ]. Not reaching significance may be explained by several factors including the relative small epilepsy cohort that was used, the heterogeneity of the epilepsy phenotype, and the fact that only summary statistics were used for the analyses [32 & ]. The correlation between migraine and epilepsy is not surprising. For instance, in patients with hemiplegic migraine, there is often co-occurrence of epileptic and (hemiplegic) migraine attacks [34] , and comorbidity between common migraine and epilepsy was also seen in epidemiological studies [31] . The Brainstorm Consortium also failed to find a significant genetic risk between ischemic stroke and migraine, despite the fact that an earlier GWAS had revealed substantial genetic overlap between both disorders [35] and epidemiological studies demonstrated increased risk of ischemic stroke in migraine patients [5, 36] . Future studies with larger cohorts and more detailed data may be able to show genetic correlation for migraine and comorbid neurological disorders, such as epilepsy and stroke.
PREDICTORS OF FINDING A PATHOLOGICAL MUTATION IN HEMIPLEGIC MIGRAINE
Genetic and neurological counseling of patients with hemiplegic migraine is not only of value for themselves, but also for their offspring. Pelzer and coworkers investigated whether the clinical characteristics of patients with hemiplegic migraine with and without autosomal dominant mutations in CACNA1A, ATP1A2 or SCN1A differ, and whether disease in the latter may be caused by mutations in other genes. The clinical characteristics of 208 patients with familial (n ¼ 199) or sporadic (n ¼ 9) hemiplegic migraine because of a mutation in CACNA1A, ATP1A2, or SCN1A were compared with those of 73 patients with familial (n ¼ 49) or sporadic (n ¼ 24) hemiplegic migraine without a mutation in these genes [37 & ]. In addition, 47 patients (familial: n ¼ 33; sporadic: n ¼ 14) without mutations in CACNA1A, ATP1A2, or SCN1A were scanned for mutations in novel genes by using whole exome sequencing (WES). The study showed that the chance of finding a mutation in one of the three FHM genes in a hemiplegic migraine patient is higher if attacks are characterized by more extensive motor weakness, associated with brainstem manifestations, confusion, or brain edema, or are triggered by mild head trauma (Fig. 3) . Moreover, only mutation carriers have mental retardation, progressive ataxia or both [37 & ]. Additionally, patients with mutations often have a younger age of disease onset and more affected family members [37 Most patients with hemiplegic migraine without a mutation in CACNA1A, ATP1A2 or SCN1A display a mild phenotype that is more akin to that of common (nonhemiplegic) migraine. This seems reflected by the fact that WES failed to identify pathogenic mutations in new genes that fit a Mendelian inheritance. A major fourth autosomal dominant gene for hemiplegic migraine may be unlikely, although this cannot be fully excluded. As a consequence, not all offspring of hemiplegic migraine cases have an a priori 50% chance to inherit hemiplegic migraine. Mild hemiplegic migraine is more likely caused by complex polygenic interaction of multiple gene variants with small effect, like in common migraine subtypes 
CONCLUSION
A new era in the genetics of migraine has begun with the identification of an increasing number of common genetic variants using the GWAS approach. Recent studies showed that the genetic load, based on common polygenic variation, is higher in familial migraine cases than in nonfamilial cases, and higher for migraine with aura and hemiplegic migraine. Mild hemiplegic migraine is likely caused by complex polygenic interaction of multiple gene variants, like in common migraine subtypes. Phenotypical features in hemiplegic migraine patients may guide physicians in providing adequate genetic counseling. Specific clinical features of common migraine seem to be determined by genetic factors. A stronger family history of migraine is associated with lower age-atonset, higher frequency and number of medication days and the migraine with aura subtype. Migraine shares common genetic variant risks with depression.
Integration of genetic, phenotypic and epigenetic data will help to identify the biological mechanisms by which genetic factors contribute to migraine pathogenesis. It also shows the impact of genetics on clinical features and comorbidities in migraine and may guide clinicians to an adequate genetic advice for patients.
